This paper reviews past work and presents new data to evaluate how changes in similarity parameters affect ice shapes and how closely scale values of the parameters should match reference values. Experimental ice shapes presented are from tests by various researchers in the NASA Glenn Icing Research Tunnel. The parameters reviewed are the modified inertia parameter (which determines the stagnation collection efficiency), accumulation parameter, freezing fraction, Reynolds number and Weber number. β Local collection efficiency, dimensionless β 0 Collection efficiency at stagnation line, dimensionless θ Air energy transfer parameter, °C λ Droplet range, m λ Stokes Droplet range if Stokes Law applies, m Λ f Latent heat of freezing, cal/g Λ v Latent heat of condensation, cal/g µ Air viscosity, g/m s µ w Liquid water viscosity, g/m s ρ Air density, g/m 3 ρ i Ice density, g/m 3 ρ w Liquid water density, g/m 3 σ Surface tension of water over air, dyne/cm τ Accretion time, min φ Droplet energy transfer parameter, °C Subscripts R Reference Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.
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It was demonstrated that a good match of scale and reference ice shapes could sometimes be achieved even when values of the modified inertia parameter did not match precisely. Consequently, there can be some flexibility in setting scale droplet size, which is the test condition determined from the modified inertia parameter. A recommended guideline is that the modified inertia parameter be chosen so that the scale stagnation collection efficiency is within 10% of the reference value. The scale accumulation parameter and freezing fraction should also be within 10% of their reference values. The Weber number based on droplet size and water properties appears to be a more important scaling parameter than one based on model size and air properties. Weber number based on model size and air properties, dimensionless
Introduction
Although a number of similarity parameters have been identified as possibly being important in determining ice shape, there have been only a few studies that have attempted to evaluate how each parameter affects the ice shape or how closely scale and reference values of the similarity parameters must agree. This paper reviews both published and unpublished ice-shape data in an attempt to gain further insight.
By the 1970's it was well recognized that there were at least 6 basic similarity parameters that needed to be considered in performing scaling tests. They were the modified inertia parameter, K 0 , defined by Langmuir and Blodgett 1 , the accumulation parameter, A c , the freezing fraction, n, the water-energy transfer parameter, φ, the air-energy transfer parameter, θ and the relative heat factor, b. The questions that Bartlett began to consider have not yet been adequately answered. The present approach to scaling is still to match each parameter precisely and determine the scaled test conditions accordingly. There is now, however, additional data which will be reviewed in this paper to add further insight into the relevance and acceptable variation of several similarity parameters.
Similarity Parameters
The similarity parameters used in icing scaling have been identified by examining the physics of icing. Similarity of each of several processes needs to be maintained between the scale and the reference situations.
The first of these processes is the flowfield. It can be simulated by matching scale and reference values of Re and M, by using a model that is dimensionally similar to the full-scale (reference) article and by setting the scale angle of attack equal to the reference. For icing encounters, the speeds involved are typically low enough that compressibility is not an issue, and M is neglected. Although Re has usually been ignored as well, Bilanin 9 advocated including it in icing scaling analyses, and some recent studies 10 have used Re = V d ρ / µ as an optional scaling parameter. Here d is the diameter for cylindrical models or twice the leadingedge radius for airfoils. In this study, d was also used as the geometric length scale for the parameters K, A c , h c , and We c . For the NACA 0012, a leading-edge radius of .0158c was used; for the business jet, .013c, where c is the model chord.
The next process to be represented is the droplet motion. Similarity of droplet trajectories can be obtained by matching the modified inertia parameter, K 0 , of Langmuir Although this relationship gives only the value of collection efficiency at the stagnation line, if two similar airfoils have the same Κ 0 , the collection efficiency will also match everywhere on the two airfoils.
The third consideration is total ice accretion. The quantity of ice is represented by the accumulation parameter, A c :
A match of scale and reference A c insures that the same quantity of ice, relative to airfoil size, is accreted for both. This matching assumes that β 0 for scale and reference situations also matches.
Next, for glaze ice, similarity in energy balance is required. Messinger's 2 surface energy balance can be written in the form, where n is the freezing fraction; φ, the water energy transfer parameter; θ, the air energy transfer parameter; and b, the relative heat factor, introduced by Tribus, et. al. 3 These parameters are defined as
The last processes to be considered occur on the surface of the model where water collects before freezing. For rime ice, water freezes on impact so that there is no liquid-water film; therefore, surface dynamics are only relevant to glaze-ice accretions. The physical processes on the liquid surface are not yet well understood, but similarity parameters related to surface effects can be identified that may be important. These include the capillary number, N cap = µ w V/σ, included by Kind 11 in a recent study, as well as the Weber numbers, We =
a Weber number based on the water-film thickness might also be considered. In addition, the free-stream Reynolds number, Re, probably plays a role in waterfilm dynamics.
Finally, the non-dimensional water-film thickness itself may well be a similarity parameter of importance in describing water-film dynamics. Feo and Urdiales 12 gave an experimental correlation for water-film height for heavy-rain conditions, and Feo 13 also recently measured the film thickness for near-Appendix-C cloud conditions in a warm-air tunnel. No other experimental studies applicable to icing are known to have been published. A limited unpublished study by Anderson 14 showed good icing scaling results when Feo's latest expression for film thickness normalized to the model size was matched between scale and reference conditions. While encouraging, these results are still preliminary and will not be included here.
In this paper, the sensitivity of ice shapes to variations in K 0 , A c , n, Re, We and We c will be discussed. Other parameters will not be considered because there is insufficient data to evaluate their effect. K 0 and n are determined at the stagnation line of the model only. It is assumed that values there will be proportional to values anywhere on the airfoil. The effects of static pressure, p st , on both the similarity parameters and ice shape will also be reviewed to help assess the importance of some of the parameters for icing. The evaluations will be made for glaze ice. The ice shapes used for illustration were obtained in the NASA Glenn Icing Research Tunnel by various researchers.
Effects of Parameters on Ice Shape
Modified Inertia Parameter, K 0 An indication of the possible effect of K 0 on ice shapes can be deduced from its effect on collection efficiency. Figure 1 shows the relationship between β 0 and K 0 given by eq. (3). Note that for K 0 greater than 1, β 0 increases less than 10% for a K 0 increase of 25%. Between 2 and 3, K 0 has to vary by more than 50% for β 0 to change 10%. When K 0 has reached a value of 3, the collection efficiency is already nearly 80%, and K 0 has to triple to a value of 9 for β 0 to increase from 80 to
90%. Bartlett 8 assumed that a ±10% variation in ice shape could typically be expected when tests were repeated. Therefore, a 10% variation in β 0 is probably within run-to-run variations, and it is apparent that over much of the range of K 0 shown in figure 1, a perfect match of this similarity parameter is unnecessary to insure scaling results within repeatability expectations.
K 0 and collection efficiency are dependent on velocity, droplet size and model size. Of most interest to practical scaling applications is how much flexibility in the choice of scale MVD results from relaxing the requirement that K 0,S = K 0,R . While it is always preferable to test with scale droplet sizes as close to the exact solution as possible, in some situations, the scaling equations may yield scale MVD's that are outside the tunnel cloud capability. Estimates of permissible variations in droplet size can be made from plots of β 0 as a function of MVD. Figure 2 shows two sets of such plots. Each curve represents either a reference or scale condition for an NACA 0012 airfoil of a specific size. A reference velocity of 67 m/s was chosen, and the scale conditions were determined using the Ruff method, described in reference 10. The scale velocity was the average of the velocities that resulted from applying constant-We and constant-Re constraints. same scaling situation as figure 2(a), but for reference and scale model chords of 183 and 91 cm. Although the scale MVD found from K 0,S = K 0,R is still 15.6 µm, the collection efficiency for both models is now only .59. Restricting the scale β 0 to be no more than 10%
higher than the reference requires that the scale drop size be no larger than 19 µm, instead of the 25 µm found for the conditions of figure 2(a).
If alternate drop sizes are contemplated, the full collection-efficiency curve over the region of expected ice accretion for the model at the off-scale conditions should be compared with that for the reference case to insure that differences are small. It is also important to remember that measured drop sizes cannot be precisely defined. In the IRT, for example, the drop size uncertainty has been estimated to be ±11%. 15 Thus, the difference between the alternative drop size and the exact-solution value must be greater than 11% to be significant.
This flexibility in choosing scale drop size can be confirmed with experimental results. Ice shapes obtained in the IRT by various researchers are compared in figures 3 and 4. The ice-shape data were reported by Wright. 16 All were obtained on 53-cmchord NACA 0012 airfoils at 4° angle of attack. Combinations of test conditions were selected for each of the comparisons such that constant A c , n, b, φ, and θ were maintained, but K 0 's were different.
Coincidentally, Re and We c also matched. The test conditions for each test and the corresponding similarity parameters are shown below the data plots.
In figure 3(a) , ice shapes produced with drop sizes of 15 and 40 µm are compared. The corresponding K 0 's were 1.63 and 2.56. The β 0 were calculated to be .66 and .75, respectively. In addition to the K 0 differences, the We for the two cases were 2.44 and 3.25x10 3 . The ice shapes differ mainly in the size and extent of the upper horn, with the higher K 0 leading to a slightly larger horn. The differences were little more than typical run-to-run variations. figure 4(b) that the lower-surface collection-efficiency for the two runs did not match even as well as those for the cases given in figure 3 , but again these differences did not appear to have much effect on the lower-surface ice actually accreted.
These experimental comparisons show that scale and reference values of β 0 can differ by 10 -11% without a significant effect on ice shape. As a guideline, when the scale droplet size determined by setting K 0,S = K 0,R is outside the capability of a test facility, alternate values of MVD can be substituted, providing β 0 for the new MVD is within 10% of the reference value and β curves for the scale and reference airfoils do not deviate significantly.
Accumulation Parameter, A c
The accumulation parameter directly determines the quantity of ice produced. In scaling calculations, the matching of scale and reference A c (see eq. (4)) allows the determination of the scale spray time. In principle, time can be set easily in test facilities, so that there is no need for the scale value of this parameter to deviate from the reference. However, for short spray times, spray-system stabilization may be a significant portion of the total spray for some facilities. The IRT now has a rapid-start spray system that avoids this problem. The uncertainty in A c has been estimated to be about ±12% 15 in the IRT, due to uncertainties in the test conditions other than time. Thus, the uncertainty in the total quantity of ice accreted will be no better than ±12%, and to avoid misleading results, shielding of the model during spray stabilization or corrections to the accretion time may need to be considered for some facilities.
If the scale stagnation collection efficiency is different from the reference, instead of matching A c , the product A c β 0 should be matched as closely as possible between reference and scale.
Freezing Fraction, n
The freezing fraction is primarily a function of temperature, airspeed and LWC, but it is the scale LWC that is usually found by equating scale and reference freezing fraction. For most situations, there is no practical advantage in allowing the scale n to deviate from the reference, for if the scale value of LWC found initially from solving the scaling equations is not suitable, an alternate value can be selected by applying the Olsen method. 18 This method requires simply that the scale temperature be adjusted for the new LWC so that n S = n R is maintained.. However, due to testcondition uncertainties, n is only known to within about ±10% 15 , so it is useful to know what kinds of variations in ice shape can be expected. Olsen, et al. 19 showed the effect of systematic changes in temperature on ice shape with all other test conditions fixed. When freezing fractions are calculated from Olsen's reported test conditions, it can be shown that ice shapes changed little when n varied by less than 10%. In reference 18, tests were reported in which LWC was varied and ice shapes were recorded on cylinders mounted vertically in the IRT. When the temperature was adjusted to maintain constant n, ice shapes showed only minor random variations. When temperature was fixed so that n varied with LWC, the ice shapes changed more significantly.
Some of the results from reference 18 will be repeated here along with other unpublished data from that study. Figure 5 gives ice shapes resulting when the freezing fraction was varied with all test conditions except LWC fixed. Note from the table accompanying figure 5 that all the similarity parameters except n and b were also constant. For the test conditions in this example, an increase in LWC from .8 to .9 g/m 3 reduced the freezing fraction from .38 to .35. Figure 5(a) shows how the resulting glaze-ice horns spread apart slightly, shifting aft on the model as n decreased. The change in horn angle for this modest change in n was no greater than that typically seen when tests are repeated at the same test conditions. A further increase in LWC from .9 to 1.0 g/m 3 reduced n from .35 to .33 and resulted in a slight additional spreading of the horns. The overall change in n was about 13%, which produced a noticeable, but probably not significant, effect on ice shape. figure 5(a) , the horns spread out as the freezing fraction decreased. The reduction of n from .38 to .29, representing a change of 24%, produced significant changes in horn position for these fairly large accretions. For small accumulation parameters (short accretion times), however, differences over the We, 10 3 We c , range of freezing fraction tested in figure 5 (b) would probably not be substantial.
The results in figures 5(a) and (b) demonstrate how sensitive ice-shape is to freezing fraction. For scaled tests for which the objective is to simulate a reference ice shape, the ±10% uncertainty in n leaves no flexibility to permit n S to deviate from n R .
Reynolds and Weber Numbers, Re, We and We c Any of these parameters can be matched to their reference values to determine the scale velocity. While they have not usually been included in scaling studies, Anderson and Ruff 10 showed that scaling methods incorporating Re and We were more successful than methods that didn't. Reference 15 found the best scaling when V S was determined by a compromise between constant Re and constant We. This compromise put both parameters in the range of approximately 60 to 160% of the reference values.
Figures 3 and 4 above compared ice shapes from pairs of tests for which
Re and We c matched. We for run 303 in figure 3 was 133% of that for run 314. For the tests of figure 4 We for run 413 was 160% of that for run 414. In both cases, the ice shapes matched well in spite of these We differences. These results and those of reference 15 suggest that, if We matters at all, an approximate match between reference and scale values of We is sufficient for good matches of ice shape.
One of the properties included in the definition of We is the surface tension. To demonstrate the importance of surface tension, and possibly We, on ice shape, Bilanin and Anderson 20 performed a series of tests in the IRT in August 1993 with surfactant added to the spray water. Figure 6 gives three sets of ice-shape comparisons resulting from these tests. Figure 6 (a) compares ice shapes obtained from two tests with the same model size and test conditions, except that for the first test the spray was with water only while the second used a water-surfactant mixture. The two tests produced matching values of all similarity parameters except for the two Weber numbers. We and We c for the surfactant-addition test were more than double those for the water-only test. The dramatic difference between the two ice shapes shows that simply matching K 0 , A c , n, b, φ, θ and Re is not sufficient, and either We or We c also has a significant effect on ice shape.
In figure 6 (b) another pair of ice shapes are compared with the same model size. Again, one shape was obtained with water only and one with surfactant added to the spray. For these two tests, however, test conditions differed in such a way that We and We c for the surfactant-addition test were no more than 124% of those for the water-only test. The scale Re for the surfactant-addition test was about 70% of that for the water-only test, and all other similarity parameters either matched or nearly matched. While the two ice shapes of figure 6(b) were not in perfect agreement, they were similar in most characteristics.
Finally, in figure 6(c), both test conditions and size were altered when surfactant was added. Both We and Re for the surfactant-addition test were within 10% of the water-only test, while We c for the two tests were within 21%. Most of the other similarity parameters except K 0 , φ and θ agreed within 10% for the two tests, as well. Ice shapes were again in close agreement.
The comparison of the results of figure 6(a) with either (b) or (c) provides a powerful argument for including We or We c as a scaling parameter. It is clear that while scale Re, We and We c may not have to match their respective reference values closely, differences in the Weber numbers of a factor of 2 are not acceptable.
These conclusions can be further confirmed by looking at the results of a series of 1998 scaling tests performed by Chen 21 without surfactant addition. Figure 7 gives We, 10 3 We c , Chen's results of scaling from a reference model of 91-cm chord to a scale with 46-cm chord. In figure 7 (a), ice shapes are compared for the situation in which the scale velocity (run 718.31) nearly matched the reference (run 736.31). Other conditions were such that the similarity parameters K 0 , A c , n, φ, and θ also matched. However, the scale Re was about 50% of the reference value, the scale We was about 60% and the scale We c was about 48%. While the quantity of ice obtained in the scale test was about right, the shape did not agree with the reference.
For the shapes shown in figure 7(b) , the reference test was again 736.31, as in figure 7(a). Scale conditions now gave Re, We and We c that were 58, 82 and 67%, respectively, of their reference values while K 0 , A c , n, b, and θ matched. While the scale shape was not a perfect representation of the reference, its simulation was greatly improved over that of figure 7(a) .
For the test conditions reported in figure 7 (c), the scale Reynolds number was now 67% of the reference value, and We and We c were 104 and 88% of the reference values, respectively. Simulation of the reference shape was quite good except for the upper horn position. Scale conditions for these tests again resulted in a match of reference values of K 0 , A c , n, b, and θ.
Finally, for figure 7(d 
Effect of Pressure on Similarity Parameters
A knowledge of the effect of pressure on both ice shapes and similarity parameters can help to determine which similarity parameters have the most influence on ice shape. For example, if a change in pressure produces a large effect on a particular similarity parameter, but little effect on ice shape, it can be concluded that ice shapes are insensitive to that parameter.
Studies to evaluate the effect of pressure on ice shapes have been reported by Bartlett 6, 7 over the range of 3.0 to 9.8x10 4 Nt/m 2 and by Oleskiw, et al. 22 for pressures of 4.6 to 10.1x10 4 Nt/m 2 . Within the typical repeatability of test facilities there was no evidence from either study that pressure change affected the ice shape. Table I shows how pressure affects calculated values of each of the scaling parameters. An NACA 0012 with a chord of 53.3 cm was used in the computations. The greatest effect of pressure is on K 0 , θ, b, Re and We c , while β 0 , A c , φ, n, and We are not affected, or the effect is slight. Even for a chord of 183 cm, the effect of pressure on β 0 , over the range of pressure shown and for the velocity given, would be less than 10%. For higher velocities, the variation of β 0 with pressure will be even less. Thus, the lack of an effect of pressure on ice shape is consistent with the small effect of pressure on modified inertia parameter and stagnation collection efficiency. Although both θ and b change with pressure, the ratio θ /b is nearly constant; thus, no conclusions can be reached about the importance of either of these parameters on ice shape.
Re is nearly directly proportional to pressure due to the effect of pressure on air density. This strong pressure effect suggests that ice shapes are fairly insensitive to Re, and changes by a factor of 2 or more in this parameter appear to be tolerable. Further evaluation of Re effects are needed.
Earlier discussion showed that when the Weber number changed by a factor of 2, as We c does for the range of pressures given in Table I , the shape of the ice changed dramatically. Thus, for ice shapes to be independent of pressure, We c cannot be the correct form of Weber number. Either We, which is unaffected by pressure change, or any Weber number using water properties, appears to be the proper expression of this similarity parameter.
Summary
This study of how ice shapes are affected by variations in the scaling similarity parameters has resulted in the following tentative guidelines on acceptable deviations of scale parameters from the corresponding reference values:
1. The scale K 0 does not need to match the reference value closely, but the permissible deviation depends on the reference value. It is recommended that as a guideline, the scale β 0 should be within 10% of the reference value, where β 0 is related to K 0 according to the expression given in eq (3). Furthermore, if a scale MVD is selected that does not satisfy K 0,S = K 0,R , the scale and reference collection efficiencies along both the reference and scale airfoil surfaces should be computed and compared to insure that differences are minor.
Uncertainties in A c
should not be permitted to exceed about ±10% to insure a reasonable match of ice shapes. This similarity parameter depends on the spray time. When spray times are short, they may need to be corrected to account for spray-bar system stabilization periods. When the scale β 0 does not match the reference value, the product A c β 0 should be matched.
The following comments pertain only to glaze conditions. For rime conditions, none of the parameters n, Re and We or We c have an influence on ice shape.
3. The scale n should be held to within 10% of the reference value. This tolerance is the same as estimated uncertainties in the freezing fraction. Thus, the goal should be to try to match this parameter to its reference value.
Acceptable scale Re and
We fall in the range of 60 to 160% of the respective reference values. Evaluation of pressure effects on ice shape 4 8.54 7.41 6.13 5.03 4.09 We, 10 3 2.07 2.07 2.07 2.07 2.07 We c , 10 3 1.47 1.28 1.06 0.87 0.71
suggested that even greater tolerances on Re may be possible, and We c is apparently not the right form of Weber number to be used as a similarity parameter.
Insufficient information was available to determine how the remaining parameters, φ, θ and b, affect ice shape or how closely scale values of these parameters might need to be matched to their reference values.
